Vitamin A (also called retinol) and its derivatives, retinoic acids (RAs), are required for postnatal testicular function. Abnormal spermatogenesis is observed in rodents on vitamin Adeficient diets and in retinoic acid receptor ␣ (RAR␣) knockout mice. In contrast, RA has an inhibitory effect on the XY gonad development in embryos. To characterize this inhibitory effect of RA, we investigated the cellular events that are required for the XY gonad development, including cell migration from the adjacent mesonephros into the gonad, fetal Sertoli cell differentiation, and survival of gonocytes. In organ cultures of Embryonic Day 13 (E13) XY gonads from rats, all-trans-retinoic acid (tRA) inhibited mesonephric cell migration into the gonad. Moreover, treatment with tRA decreased the expression of Mül-lerian-inhibiting substance in Sertoli cells and dramatically reduced the number of gonocytes. Increased apoptosis was detected in the XY gonads cultured with tRA, suggesting that the loss of gonocytes could be due to increased apoptosis. In addition, Am580, a synthetic compound that exhibits RAR␣-specific agonistic properties, mimicked the inhibitory effects of tRA on the XY gonad development including mesonephric cell migration and gonocyte survival. Conversely, a RAR␣-selective antagonist, Ro 41-5253, suppressed the inhibitory ability of tRA on the XY gonad development. These results suggest that retinoic acid acting through RAR␣ negatively affects fetal Sertoli cell differentiation and gonocyte survival and blocks the migration of mesonephric cells, thereby leading to inhibition of the XY gonad development.
INTRODUCTION
The initial event in gonadal development in both males and females is the formation of a morphologically identical primordium. In the presence of Sry (sex-determining region of the Y chromosome), the bipotential gonad differentiates and develops along a male-specific pathway by Embryonic Day 13.5 (E13.5) in rats [1, 2] . The mesenchymal cell migration into the XY gonad from the adjacent mesonephros is required for testicular cord formation such that, if migration is blocked, testicular cords fail to form [3] . This cell migration contributes to the peritubular myoid cells and vascular endothelial cells [4] . In a similar time frame, fetal Sertoli cells begin to differentiate and aggregate with primordial germ cells (PGCs), as flattened peritubular myoid cells form the outer cell layer of the seminiferous cords, encompassing both Sertoli and germ cells. Consequently, the highly organized testicular cords become separated from the interstitial region [5] [6] [7] . Once the PGCs are enclosed inside the testicular cords, they change morphologically and differentiate into gonocytes. Meanwhile, peritubular myoid and Sertoli cells secrete extracellular matrix components for a basal lamina, which forms a structural platform for testicular cords.
By Embryonic Day 14 (E14) in rats, the mesonephros contains both Müllerian and Wolffian ducts, which are the precursors of female and male reproductive tracts, respectively [8, 9] . During male sexual differentiation, fetal Sertoli cells secrete Müllerian-inhibiting substance (MIS), which induces regression of the Müllerian duct by apoptosis [10, 11] . This event occurs between E14 and E17 in rats and is required for normal male reproductive development [12, 13] . Subsequent to the action of MIS on the Müllerian duct, Leydig cells produce testosterone, which induces differentiation of the Wolffian ducts into male reproductive tracts. In females, the Wolffian ducts passively regress, resulting in development of Müllerian ducts and, thereby, female reproductive tracts.
Vitamin A (also called retinol) and its metabolic derivatives, retinoic acids (RAs), are required for various fundamentally physiological processes, including embryonic development, cellular proliferation and differentiation, vision, and reproduction [14] [15] [16] . Retinol and RA deprivation or exposure to excess retinol can result in major abnormalities in embryonic development and adult physiology [17] [18] [19] .
The action of RA is mediated through two families of nuclear receptors, the retinoic acid receptors (RARs), which recognize both all-trans-retinoic acid (tRA) and 9-cis-retinoic acid, and the retinoid X receptors (RXRs), which recognize only 9-cis-retinoic acid [20] . Each family consists of three subtypes: ␣, ␤, and ␥. The RXRs can homodimerize or heterodimerize with RARs and other nuclear receptors, including thyroid hormone receptor, vitamin D receptor, and peroxisome proliferator-activated receptors [21] , whereas RARs only heterodimerize with RXRs. These homodimers or heterodimers can bind to appropriate RA response elements or retinoid X response elements to regulate gene expressions [22] and consequently regulate divergent cellular processes [23] .
Genetic studies have shown that RAR␣ and RXR␤ are critical for normal spermatogenesis. Both RAR␣ [24] and RXR␤ [25] knockout male mice are sterile. Spermatogenesis in vitamin A-deficient (VAD) mice and rats is blocked such that most of the germ cells in later stages of differentiation are lost from the seminiferous tubules [18, 19] . The only germ cells remaining in the VAD seminiferous tubules are the undifferentiated A spermatogonia and a few preleptotene spermatocytes. Spermatogenesis can be restored in VAD rats by feeding retinol or repeatedly injecting tRA [26, 27] .
In contrast with the positive effects of RA on testis function in adults, it was shown previously that tRA inhibited testicular cord formation in the XY gonads from E13 embryos [28] . These seemingly opposite, paradoxical actions of RA on fetal testis versus adult testis have been noted in a recent review [29] . At the molecular level, tRA diminished the deposition of laminin and fibronectin in the basement membrane of E14 testis in organ culture [30] . However, the specific cellular effect of tRA on the fetal Sertoli cell differentiation, gonocyte survival, and mesonephric cell migration, which are required for the testicular cord formation, is not known. In the current study, we investigated the effect of tRA on these cellular events involved in the XY gonad development and the involvement of RAR␣ in these tRA effects using an organ culture method [28] .
MATERIALS AND METHODS

Animals
Timed pregnant female Sprague-Dawley rats were obtained from Charles River Laboratories (Hollister, CA). Plug date was considered Embryonic Day 0 (E0). Animal experimentation was approved by the Institutional Animal Care and Use Committee and conducted in accordance with the highest standards of humane animal care as outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Organ Cultures
E13 gonads were dissected out with the mesonephroi and cultured on Millicell CM filters (Millipore, Bedford, MA) floating on the surface of CMRL 1066 medium (Life Technologies, Rockville, MD), supplemented with penicillin-streptomycin, insulin (10 g/ml), and transferrin (10 g/ ml) at 37ЊC with 5% CO 2 :95% air. To determine the sex of E13 embryos, polymerase chain reaction analysis for Sry gene was conducted on the tail genomic DNA isolated from E13 embryos [28] . One gonad was cultured in medium containing tRA (Sigma, St. Louis, MO) or RAR␣-selective agonist Am580 (Biomol Research Lab, Plymouth Meeting, PA). The selectivity of Am580 for RARs has been established by using COS-7 cells transfected with expression vectors for each of the RARs [31] . Am580 has a higher binding affinity for RAR␣ (8 nM) than RAR␤ (131 nM) or RAR␥ (450 nM). The dissociation constant of tRA for RAR␣ is 19.5 nM and that of Am580 is 8 nM [32] . The specificity of the biological effect of Am580 has also been studied in both cultured cells and organ cultures of embryonic testis [32] . In addition, a RAR␣-selective antagonist Ro 41-5253 [33] was added 30 min before the treatment with tRA. Transactivation experiments have demonstrated that a 2-to 10-fold excess of Ro 41-5253 was necessary to suppress the activation of RAR␣ [33] . The other gonad from the same fetus was cultured in medium containing an equivalent volume of dimethyl sulfoxide (solvent for tRA) as a control. The organs were maintained for 3 days in culture, at which time testicular cords were well developed in the control gonads. The culture medium was changed every day. At the end of culture, the tissues were fixed for 1 h at room temperature in Bouin solution, embedded in paraffin, and sectioned. At least three independent organ culture experiments were conducted, with each experiment consisting of 4-6 pairs of XY gonads.
Migration Assay
After the dissection of XY gonad plus mesonephros from E13 embryos, the gonad was separated from the mesonephros using a fine needle. The mesonephroi were incubated in culture medium containing 10 M 5(6)-carboxyfluorescein diacetate, succinimidyl ester (Molecular Probes, Eugene, OR), which has been used for cell migration assay in the organ culture system of Embryonic Day 13 testis [34, 35] , for 20 min at 37ЊC. Then mesonephroi were washed in fresh culture medium for 30 min at 37ЊC, assembled with its respective gonad, and cultured for 3 days in the absence or presence of tRA, Am580, or Ro 41-5253.
Immunohistochemistry
Immunohistochemistry was performed as described previously [36] . The tissue sections were deparaffinized, rehydrated, microwaved in 10 mM sodium citrate, treated with 0.3% H 2 O 2 to quench endogenous peroxidases, and incubated in 10% rabbit or goat normal serum for 10 min at room temperature to block nonspecific protein binding. For detection of MIS and RARs, the sections were incubated with goat or rabbit polyclonal antibodies (MIS, 1:300; RAR␣, RAR␤, or RAR␥, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA) in a humidified chamber overnight at 4ЊC. For detection of mouse vasa homologue (MVH), a rabbit polyclonal antibody against MVH (1:1000) was used [37] . Sections were washed with PBS and treated with biotinylated rabbit anti-goat secondary antibody (Zymed Laboratories, South San Francisco, CA) for MIS or biotinylated goat anti-rabbit (Vector Laboratories, Burlingame, CA) for MVH and RARs, followed by incubation with peroxidase-conjugated streptavidin substrate-chromagen mixture containing aminoethyl carbazole from Zymed Laboratories. As negative controls, serial sections were incubated with control immunoglobulin G from the same species or primary antibodies preadsorbed with 50-fold excess of synthetic immunizing peptide (Santa Cruz Biotechnology).
Assay for Apoptosis
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay was performed as described by the manufacturer of the Apoptosis Detection System (Promega Biotech Corporation, Madison, WI). This assay detects fragmented DNA in apoptotic cells by catalytically incorporating fluorescein-12-dUTP at the 3Ј-OH DNA ends using the TdT enzyme. The fluorescein-12-dUTP-labeled DNA can then be visualized directly under a fluorescence microscope. The TUNEL-positive cells in the entire cross section were counted. At least nine cross sections were analyzed.
Digital Images
All digital images were obtained using Leitz DMRB with epifluorescence and a Magnafire digital camera (Optronics, Goleta, CA).
RESULTS
All-Trans-Retinoic Acid Inhibits Testicular Cord Formation and Cell Migration from the Adjacent Mesonephros into XY Gonad
The effects of tRA on testicular cord formation and mesonephric cell migration were assessed using organ cultures of XY gonads from E13 embryos. Testicular cords formed normally in the control XY gonads from E13 embryos cultured for 3 days (Fig. 1A) . In contrast, treatment with 1 M tRA completely inhibited the testicular cord formation (Fig.  1D) , which is consistent with the previous data [28] . Although the treatment with lower concentrations of tRA could not completely inhibit the formation of testicular cords, nonetheless, organs treated with either 0.01 M or 0.1 M tRA formed testicular cords with an abnormally enlarged diameter (Fig. 1, B and C) . The tRA increased the mean diameter of the testicular cords from 39.4 Ϯ 1.1 m in the control to 49.1 Ϯ 1.2 m at 0.01 M (n ϭ 3; P Ͻ 0.05) and 59.0 Ϯ 2.0 m at 0.1 M (n ϭ 3; p Ͻ0.05).
To determine the potential cellular mechanism for tRAinduced inhibition of testicular cord formation, the effect of tRA on cell migration from the adjacent mesonephros into the XY gonad, which is required for normal testicular cord formation [3, 4, 38] , was assessed. Extensive cell migration was detected in the control gonads ( Fig. 2A) . On the contrary, virtually no mesonephric cell migration was observed in the gonads treated with 1 M tRA (Fig. 2B) . 
All-Trans-Retinoic Acid Reduces the Number of Gonocytes by Increasing Apoptosis
Hematoxylin-eosin-stained sections displayed cellular organization in the E13 XY gonads treated with various concentrations of tRA (Fig. 3, A-D) . Sertoli cells, which are identifiable by elongated, irregular shapes, were observed in the periphery of testicular cords, and gonocytes, which are characterized by their round shape, were primarily observed in the center of testicular cords in the control gonads (Fig. 3A) . In contrast, this organization of cells deteriorated with increasing concentrations (0.01-1 M) of tRA (Fig. 3, B, C, and D) . By 0.1 M tRA, there was a visible sign of cell degeneration within testicular cords, as shown by clear areas and fewer gonocytes observed in the treated gonads compared with the number seen in the control gonad (Fig. 3, compare C with A) . By 1 M tRA, different types of cells are difficult to discern due to the disorganization of testicular cords (Fig. 3D) .
MVH protein has been shown to be expressed exclusively in the cytoplasm of gonocytes soon after their colonization of embryonic gonad [37] , and thus, it can be used to identify gonocytes. In the control gonads, MVH-positive gonocytes were found abundantly within the testicular cords (Fig. 3E) . On the other hand, tRA decreased the number of MVH-positive gonocytes in a dose-dependent manner (Fig. 3, F-H) .
To determine whether tRA-induced loss of gonocytes represented activation of apoptosis, TUNEL assay was conducted on the XY gonad sections. tRA at 0.1 M (Fig. 4B ) and 1 M (Fig. 4C) significantly increased the number of apoptotic cells in the E13 gonads (Fig. 4D ) compared with few apoptotic cells in untreated E13 gonads (Fig. 4A) . 
All-Trans-Retinoic Acid Decreases MIS Expression in Sertoli Cells
To determine whether tRA affected Sertoli cell differentiation in the organ cultures of E13 gonads, MIS immunohistochemistry was conducted. MIS is expressed exclusively in Sertoli cells in the mouse beginning between E11.5 and E12.5 until shortly after birth [39] , and thus, MIS has been used as a marker of fetal Sertoli cell differentiation [40] . The control gonads showed robust MIS immunostaining, especially in the highly organized Sertoli cells lining the periphery of the testicular cords (Fig. 5, A and C) . Greatly different from this pattern of MIS expression in the controls, the amount of MIS was severely reduced in Sertoli cells, which were not organized but scattered throughout the gonads treated with tRA (Fig. 5, B and D) .
The RAR␣ Agonist Mimics the Inhibitory Effects of tRA, While the RAR␣ Antagonist Suppresses the Inhibitory Ability of tRA
To determine whether tRA exerted its action, at least partially, through RAR␣, RAR␣-selective agonist (Am580) and antagonist (Ro 41-5253) were used. Treatment with Am580 at 1 nM completely inhibited the testicular cord formation (Fig. 6A) and impaired the mesonephric cell migration (Fig. 6B) in the cultured E13 XY gonads. In addition, Am580 dramatically decreased the number of germ cells, as demonstrated by immunohistochemistry of MVH (Fig. 6C) . Previously, this agonist was shown to be at least 1000-fold more potent than tRA on both the cultured cells and the organ cultures of embryonic testis [32] . Inversely, Ro 41-5253, a RAR␣-selective antagonist, at 5 M, counteracted the inhibitory effect of tRA on testicular cord formation (Fig. 6D) , cell migration from the mesonephros (Fig. 6E) , and germ cell survival (Fig. 6F) . Ro 41-5253 alone did not disturb these cellular processes (data not shown). 
Immunolocalization of RARs in E13 Gonads in Organ Culture
The cellular localization of RAR proteins was examined using immunohistochemistry on sections from the E13 XY gonads in organ cultures. RAR␣ immunoreactivity was detected exclusively in some of the peritubular cells and interstitial cells (Fig. 7, A and C) . RAR␤ immunoreactivity, on the other hand, was primarily present within the testicular cords, in the cytoplasm of gonocytes in the E13 gonads (Fig. 7, B and D) . No RAR␥ immunoreactivity was detected in the E13 gonads (data not shown).
DISCUSSION
Testicular cord formation is the earliest clearly defined morphological change in testis development. This process involves a complex series of cellular events [41] . One critical event is the migration of cells from the adjacent mesonephros into the XY gonad that is induced by the differentiating gonadal cells [3, 4] . Another event established to be important is the differentiation of fetal Sertoli cells initiated by Sry [1, 42, 43] . In this study, we demonstrated that tRA blocked the mesonephric cell migration into the XY gonad. This expands the earlier finding that treatment of the E13 gonads with tRA inhibited testicular cord formation [28] . Because it has been recognized that testicular cord formation does not occur if mesonephric cell migration is blocked [3] , the tRA-induced disruption of testicular cord formation is likely due to the failure of mesonephric cell migration into the XY gonad.
The mesenchymal cells, which migrate into the XY gonad from the adjacent mesonephros, are believed to contribute to the peritubular myoid cells and vascular endothelial cells in the XY gonads. A single layer of flattened peritubular myoid cells envelopes Sertoli cells and gonocytes to form testicular cords. These peritubular myoid cells, together with Sertoli cells, are responsible for the production of extracellular matrix components that are required for organizing the basal lamina [44, 45] , postulated to be important in supporting the structural integrity of testicular cords. Therefore, the inhibition of the mesonephric cell migration by tRA could potentially reduce the peritubular myoid cell population in the gonad and, as a result, produce insufficient amounts of extracellular matrix components, leading to disruption of the structural integrity of testicular cords. This is consistent with the previous finding that tRA decreased the deposition of laminin and fibronectin in the basement membrane of E14 gonad in organ culture [30] .
Moreover, available evidence strongly indicates that the expression of Sry in the Sertoli cell precursors [43] is pivotal for early testis development [4, 46] . Sertoli cells that express Sry differentiate and act as an organization center for testis formation by directing other cell types into their respective lineages [47] . Interestingly, treatment with tRA decreased the production of MIS, a well-established functional marker of Sertoli cell differentiation in the embryonic testis [12] , suggestive of an impaired differentiated function for fetal Sertoli cells.
In addition, Sertoli cells were found to be scattered in the gonad treated with 1 M tRA, with no evidence of any cell aggregation. These results suggest that the fetal Sertoli cells in the presence of tRA are unable to aggregate and organize PGCs, presumably because the differentiated func-tions of Sertoli cells are impaired. These results reiterate the importance of the normal, differentiated fetal Sertoli cells in the XY gonadal development [47] .
Furthermore, it is known that PGCs that are aggregated by Sertoli cells are able to develop into gonocytes within the testicular cords [48] , and Sertoli cells are believed to be essential for this process. Thus, when the differentiated functions of fetal Sertoli cells are impaired in the presence of tRA, PGCs may die because they could not develop further into gonocytes. Similar arrest in gonocyte development that leads to apoptosis occurs at the neonatal stage of testis development. For instance, gonocytes die if they remain in the center of the seminiferous tubule and fail to proceed to mitosis and migrate to the basal area of the seminiferous tubule to become stem cell spermatogonia or differentiated spermatogonia at the neonatal stage [49, 50] .
In this light, it was not surprising that tRA markedly reduced the number of gonocytes in the fetal gonads and increased the number of cells undergoing apoptosis, suggesting that tRA could regulate survival of gonocytes in the embryos. However, more intriguing are the results that tRA at 0.1 M can reduce the number of gonocytes by increasing apoptosis but cannot completely inhibit the formation of testicular cords. These results suggest that the loss of gonocytes is unlikely to be a secondary effect of the inhibition of mesonephric cell migration. Instead, it may be a distinctively separate effect from the tRA-induced inhibitory effect on cell migration. This is in agreement with the previous report, which showed that the testicular cord formed normally in the absence of germ cells [51] . Regardless, to our knowledge, our studies are the first to show that tRA can inhibit both the gonocyte survival and the mesonephric cell migration, two important cellular events that are definitely required for the development of functional XY gonads. Previously, Livera et al. [52] had shown that tRA greatly decreased the number of gonocytes in the E14 testis, in which the testicular cords have already formed.
It has previously been shown that testicular cord formation was blocked in the E13 gonad cultured with a RAR pan agonist [28] , suggesting that the action of tRA on the testicular cord formation may be mediated through any of the three RARs. In this study, tRA inhibitory effects on XY gonad development were reproduced by Am580, a RAR␣-selective agonist, and abrogated by a RAR␣-selective antagonist. Indeed, both RAR␣ and RAR␤ proteins were observed in the organ cultures of E13 testes. RAR␣ is expressed in the peritubular cells and in the cells of interstitium, whereas RAR␤ is primarily found in the cytoplasm of cells within the testicular cords. Thus, these observations suggest that the RAR␣ signaling pathway in the interstitial cells may have a critical role in the XY gonad development. However, it should be pointed out that our results certainly do not mean that RAR␤ found in the seminiferous cord is unimportant. Altogether, these results indicate that the effect of tRA on the XY gonad development involves complex intertwined actions and responses among interstitial cells, Sertoli cells, and germ cells, as well as involves different retinoid receptors in these cells.
In conclusion, we have identified early cellular events that are inhibited by tRA during the XY gonad development, including mesonephric cell migration, fetal Sertoli cell differentiation, and survival of gonocytes. These inhibitory effects could sufficiently account for tRA-induced disruption of testicular cord formation observed previously. However, it is yet to be determined what molecular mechanisms may underlie the tRA-mediated disruption of these cellular processes in the formation of testicular cords. Our results suggest that RAR␣ may be involved in mediating the molecular effects of tRA in the XY gonad development.
